A statistical study on the basis of one-year data of 2014 has been performed in order to find whether abnormal animal behavior is related with seismic activity and also whether the ULF (Ultra Low Frequency) electromagnetic radiation might be a possible sensory mechanism of abnormal animal behavior. Abnormal animal behavior has been studied with the use of digitally recorded milk yield of cows at Ibaraki Prefecture Livestock Station, and the ULF magnetic field changes have been studied with the data at a magnetic observatory of Kakioka. As the result of correlation analyses, clear responses are observed for both the milk yield of cows and ULF magnetic field changes (both ULF radiation (ULF emissions from the lithosphere) and ULF depression (as an indicator of lower ionospheric perturbations)) for most powerful and not distant earthquakes (EQs) with magnitude > 6, that is, the milk yield of cows is found to exhibit a conspicuous depletion about 17 -18 days before an EQ, though the correlation coefficient is not so big. Another important objective in this paper is to identify that ULF radiation is the main agent of abnormal behavior so that we have compared the temporal evolutions of milk yield of cows, ULF radiation and ULF depression for three major EQs. As a result, it is found that ULF radiation happens, at least, during the periods of abnormal depletion of milk yield of cows.
Introduction
The prediction of an earthquake (EQ) (to be more exact, short-term EQ prediction) requires the presence of precursors of any kind [1] , so that extensive studies have been carried out on the evolutions of pre-seismic parameters of different phenomena during the last few decades (see, e.g. [2] ). These are 1) mechanical, 2) electromagnetic effects and 3) macroscopic phenomena. Mechanical effects include foreshock activity, pre-slip effect, etc. [2] . Then, it is recently agreed that electromagnetic phenomena do occur before EQs (e.g., [3] - [8] ), which are considered to be very promising for short-time EQ prediction. Among various electromagnetic precursors, there already exist a few phenomena which are found to be statistically correlated with EQs. One typical example is ionospheric perturbations not only in the lower ionosphere using subionospheric VLF/ LF (Very Low Frequency/Low Frequency) propagation anomalies [9] but also in the upper F region using bottomside sounding anomalies [10] . Additionally, seismogenic ULF emissions have been observed prior to an EQ (e.g., [11] [12] [13] ).
The topic of this paper is macroscopic phenomena which are mainly abnormal animal behavior [2] . Many examples are described in the literature [2] [14]- [24] , together with the suggestion of possible sensory mechanisms of such abnormal animal behavior.
Recently, though as a case study, Yamauchi et al. [25] have found, based on digitally recorded data, an abnormal decrease in milk yield of cows before the disastrous 2011
Tohoku EQ (M~9).
The large casualty of the latest 2011 March 11 Tohoku EQ accentuated urgent necessity of short-term EQ prediction, with emphasis on further extensive studies on precursors for different EQs. Yamauchi et al. [25] have found that the milk yield of cows is likely to be depleted before the EQ, which is based on the quantitative estimation of daily data of milk yield of cows, not on the anecdotal and retrospective data as in many earlier papers such as [2] . Also, Hayakawa [26] has suggested that the low frequency (or ULF/ELF (Extremely Low Frequency)) electromagnetic radiation might be closely related with abnormal animal behavior on the basis of comparisons of Rikitake's results with the recent records on the statistical data of different electromagnetic phenomena obtained during the last two decades. So the following physical parameters are treated in this paper: 1) milk yield of cows as the main parameter, 2) ULF magnetic field changes (ULF radiation/depression), and 3) seismicity, and we perform the correlation studies of different combinations of these parameters for a particular year of 2014. Finally, we compare extensively the temporal evolutions of those three parameters for the major three EQs, and we try to discuss the sensory mechanism of cows for EQs.
Milk Yield of Cows
The first important point we have to emphasize here is that we are not based on the conventional anecdotal records as in early studies, but on the scientific (or digitally recorded) data on animals.
The data on the milk yields of cows are obtained with the continuous observation at the Ibaraki Prefecture Livestock Experimental Station (geographic coordinates: 36.02˚N, 140.12˚E) as shown in Figure 1 as a yellow rhombic (with abbreviation of IBR).
The number of cows at Ibaraki station is 30 -37 as indicated in our previous paper [25] . We have performed pre-processing of the signal, because we know some known factors decreasing the milk yield. That is, we have removed the conventional effect of the temperature-humidity index [27] , which is used as an index of heat stress for cows [28] when they measure the milk yield once a day, by using a two-phased regression model. This residue in the milk yield of cows is studied here.
Earthquakes (EQ) Treated in This Paper
The first step consists in the choice of EQs. As for the EQ data, we have used seismic data from the ANSS (Advanced National Seismic System) Worldwide Earthquake Catalogue in such a way that they should provide at least noticeable response in the milk yield of cows and ULF radiation/depression. Additionally, the interval between EQs should be larger than the duration of the responses in order to have a possibility to separate ). An EQ is significant at least for Kls > 1. Figure 1 illustrates a map of the epicenters of EQs with M > 5.5 for all Kls. The size of a circle indicating an EQ is proportional to the EQ magnitude (M), and its depth is indicated by the corresponding color. We estimate the maximum Kls for each day, and take it as the value for that day.
So we will be able to have the time-series data for Kls to have the cross-correlation with those of any other parameter in the following.
ULF Magnetic Field Data
The ULF magnetic and Dst (geomagnetic activity) data were obtained from the site of As an indicator of ULF electromagnetic radiation from the lithosphere, Hayakawa et al. [31] have proposed a new parameter of Z/H (called "polarization" as the ratio of power spectral densities of Z (vertical component) and H (horizontal component)), to distinguish precursory seismogenic radiation from other noises including the dominant space plasma waves. A recent paper by Currie and Waters [32] has confirmed that this parameter, Z/H is a good indicator of seismogenic ULF emission. So we use an increase in this parameter to find out any seismogenic ULF radiation.
On the other hand, the depression of ULF H component which is a non-conventional new parameter though not so popular in the scientific society, has been found to be a good indicator of the precursory lower ionospheric perturbations of an EQ [29] , because the main element of ULF H component is apparently of magnetospheric origin and those space plasma waves suffer from an additional effect when passing through the lower ionosphere perturbed prior to an EQ [29] [30] [33] . So that, the depression as the inverse of H power spectral density is extensively studied also in this paper. and for milk vs. ULF radiation. Let us compare the bottom lag-correlograms in Figure 2 and Figure 4 . Figure 2 refers to the condition of M > 5.5 and Kls > 5, while Figure 4 to the condition of M > 6 and Kls > 9.5 as the more condition of seismicity. This comparison might indicate that there is no significant change by changing the EQ condition. In Figure 2 we can identify a very clear (negative) peak (or depletion in milk yield of cows) at the lag time of 2 -3 weeks. Also, the 2nd panel on Dep vs. Kls exhibits a clear positive peak about one week before the EQ and another peak at the lag of a few days after the EQ. This ULF depression is already known to be related with the lower ionospheric perturbations associated with EQs [29] [30] , and the seismo-ionospheric perturbations are known to take place about one week before an EQ [9] [29] . On the other hand, the 3rd panel on R vs. Kls seems to show quite different behavior from the first two panels. There are a few positive peaks in the plots: one large positive peak (ULF radiation) appears a few days before the EQ, and other precursory peaks at time lags of 24 -29 days and 15 -19 days. Further, one large peak is seen about two weeks after the EQ, and a small peak just after the EQ. These might indicate that seismogenic ULF radiation tends to appear before an EQ, but it happens in an extremely wide range of lead time from a few days to ~30 days. This long-lasting tendency of ULF radiation seems to be consistent with a recent statistical work by Hattori [13] with the use of ULF data at the same station of Kakioka.
Results of Comparisons among Milk Yield of Cows, Seismicity, and ULF Magnetic Field Variation
Next two figures in both figures may be most important to know whether the ULF radiation (as suggested by Hayakawa [26] ) is the main player of depletion of milk yield of cows. The fourth refers to the relationship between the milk yield and Dep (i.e., ionospheric perturbation), and the last is the direct correlation of milk yield and ULF radiation (R). As for these two figures, the peaks are meaningful, but their cross-correlation coefficients are small, anyway less than 0.2, so that we cannot say any definite correlation between the change (or depletion) of milk yield of cows and any possible agents (ULF radiation, or ionospheric perturbations) only from these statistical plots based on the limited data. In order to find the possible sensory mechanism of abnormal animal behavior, we try to compare the temporal evolutions of three parameters in Figure 5 for the EQ (M = 6.0) on 4 May. The milk yield of cows is seen to be significantly depleted at the lead times around 22 days and 18 days before the EQ. The occurrence of seismogenic ULF radiation is found to be extremely widely distributed from −25 days to +30 days, with the main noticeable radiation seeming to be peaked a few days to about one week. However, we can say that the time period of a decrease in milk yield of cows in the top panel is likely to overlap with the period of ULF radiation and some ULF depression (ionospheric perturbation). Then, we move on to Figure 6 for the next EQ (M = 6.5) on 11 July. The top panel of Figure 6 indicates a very conspicuous decrease in milk yield of cows in a time period from −18 to −14 days. Two electromagnetic effects (second panel on ULF radiation and third on ULF depression) are again seen to take place, at least, during the period of abnormal animal behavior, even though the main peaks for these two electromagnetic phenomena happen a few days to about one week before the EQ.
Let us look at the last EQ (M = 6.2) on 22 November, 2014 in Figure 7 . We can notice a depletion in milk yield of cows about 17 days before the EQ, but it is not so conspicuous as compared with the previous two cases in Figure 5 and Figure 6 . Probably because of this insignificant decrease in milk yield of cows, no corresponding effects of electromagnetic effects are seen in the second and third panels.
Conclusion and Discussion
The followings have emerged from the present study on the basis of comparisons of data on milk yield of cows, seismicity, and ULF magnetic field variations during one particular year of 2014.
1) Clear responses seem to be observed for both the milk yield of cows and ULF magnetic field (both ULF radiation and ULF depression) for most powerful and not distant EQs with M > 6, though the correlation coefficient is not so high.
2) Results could be more reliable for more powerful EQs.
3) The study on the direct correlation of milk yield of cows with ULF radiation/depression for major EQs may suggest that these two electromagnetic effects have happened, at least, during the period of depletion in milk yield of cows.
As already mentioned in Introduction, abnormal animal behavior is known to take place [2] , but it seems that it is not yet statistically established. Once it is statistically correlated with EQs, it will be one important element of EQ prediction. For example, in the field of seismo-electromagnetics (i.e., electromagnetic phenomena (mainly precursors) associated with EQs), there appear some electromagnetic effects, which are statistically correlated with EQs on the basis of long-term observations. A few typical examples are 1) ionospheric perturbations, 2) ULF radiation, etc. The lower ionospheric perturbations have been found to be correlated with EQs based on long-term observations of subionospheric VLF/LF signal propagation [9] . These take place about one week before an EQ. The upper ionosphere such as F region is also found to be perturbed a few days to one week before an EQ [10] . However, the mechanism why and how the ionosphere is perturbed is not well understood (e.g., [1] [3] , and a recent study [13] has summarized a statistical result that ULF radiation tends to appear before an EQ, which is based on the long-term (10 years) observation at the same station of Kakioka as studied in this paper. The present study has indicated a further confirmation on the basis of one-year extensive observation that clear responses are observed for both the milk yield of cows and ULF radiation/depression.
The milk yield of cows is found to be depleted about 2 -3 weeks before an EQ. This lead time is a little bit different from the first result on the milk yield of cows for the 2011 Tohoku EQ [25] , in which the lead time was just one week. On the other hand, this paper suggests that ULF radiation is found to take place about one week before an EQ. This result seems to be slightly different form the corresponding results (2 -3 weeks) for three famous major EQs with magnitude greater than 7.0 [3] , and the result by Hattori [13] with the lead time in a wide range from a few days to one month.
The second objective of this paper was to investigate the sensory mechanism of abnormal animal behavior. A comparison of characteristics of abnormal animal behavior summarized in [2] with those of electromagnetic effects [1] [3] enabled us to suggest that ULF or ELF lower frequency radiation might be a possible candidate for abnormal animal behavior. So we have tried to make the direct correlation between the milk yield of cows and ULF radiation/depression. Detailed comparisons of temporal evolutions for three major EQs (with Kls > 9.5) have yielded that both effects of ULF radiation and ULF depression (ionospheric perturbations) are found to take place, at least, during the time period of a significant decrease in milk yield of cows. This finding suggests that we cannot deny our previous hypothesis that ULF radiation may be a possible sensory mechanism of abnormal animal behavior. Also ULF depression (as an indicator of lower ionospheric perturbations) happens during the period of abnormal animal behavior. Even though the major peak in ULF radiation happens about a few days to one week before the EQ, the abnormal animal behavior is likely to take place in the initial phase of the occurrence of seismogenic ULF radiation. That is, animals seem to be sensitive to or react to the initial phase of seismogenic ULF radiation, and they get accustomed to the ULF radiation at later times even with more enhanced intensity one week before the EQ. A recent work for a major EQ (M = 7.2) by Grant et al. [35] has indicated that the abnormal animal behavior based on camera images of animals happens at the same time when they observed ionospheric perturbations with the use of subionospheric VLF propagation, and they have suggested that the positive-hole carriers during EQ preparation process [36] might be an important sensory mechanism of animals. This paper is based only on one-year data, but there is a problem that the seismic activity (or EQ magnitude) is not so intensive in this particular year, and correspondingly the number of events is not large enough for a statistical study. Further accumulation of data events during a longer period at the relevant station and/or at other geological stations is highly required in order to reach a definite statistical conclusion on the abnormal animal behavior and its sensory mechanism.
